The stereochemistry of several sterol precursors and end products synthesized by two fungal-like microorganisms Prototheca wickerhamii (I) and Dictyostelium discoideum (H) have been determined by chromatographic (TLC, GLC, and HPLC) and spectral (UV, MS,-and 'H NMR) methods. From I and H the following sterols were isolated from the cells : cycloartenol, cyclolaudenol, 24(28)-methylenecycloartanol, ergosterol, protothecasterol, 4a-methylergostanol, 4a-methylclionastanol, clionastanol, 2413-ethylcholesta-8,22-enol, and dictyosterol. In addition, the mechanism of C-24 methylation was investigated in both organisms by feeding to I
[2-3H]lanosterol, [2-3H] cycloartenol, [24_3H]lanosterol, and [methyl-2H3Jmethionine and by feeding to II [methyl- 2H3Jmethionine. The results demonstrate that the 24.3 configuration is formed by different alkylation routes in I and II. The A25 (27) route operates in I while the A24 (28) 
route operates in II.
Based on what is known in the literature regarding sterol distribution and phylogenesis together with our rmdings that the stereochemical outcome of squalene oxide cyclization leads to the production of cycloartenol rather than lanosterol (characteristic of the fungal genealogy) and the chirality of the C-24 alkyl group is similar in the two nonphotosynthetic microbes (Ji oriented), we conclude that Prototheca is an apoplastic Chlorelia (i.e., an alga) and that Dictyostelium as well as the other soil amoebae that synthesize cycloartenol evolved from algal rather than fungal ancestors.
The sterol pathway is thought to be very ancient, perhaps having arisen during the later stages of prokaryote evolution (1, 2) . True sterols-e.g., end products such as cholesterolare antedated by the production of sterol-like compoundse.g., pentacyclic triterpenoids (3-6)-which were formed in the Precambrian anaerobic environment by the cyclization of squalene. Once molecular oxygen was in sufficient quantity in the atmosphere to permit squalene oxide genesis, a switching mechanism became operative to divert squalene from pentacyclic triterpenoid production to sterol synthesis (6, 7) . The first compounds derived by the anaerobic cyclization of squalene oxide are the tetracyclic stereoisomers cycloartenol and lanosterol. Neither stereoisomer is known to be formed by cyclization in the same organism, whether the latter is a prokaryote or a eukaryote (2) . This bifurcation in the sterol pathway is now recognized in biochemical textbooks (8) (9) (10) and in reviews on evolution (11) (12) (13) as a means to dissociate groups of organisms with an evolutionary history of oxygenic photosynthesis-e.g., as detected through the stereospecific formation of cycloartenol and its further metabolism of the 96,19-cyclopropyl ring-from those nonphotosynthetic progenitors and their descendants, which possess a lanosterolbased pathway (2) . The association of the cycloartenol route and the endosymbiotic origin and subsequent loss of the chloroplast in some nonphotosynthetic systems is not clear. The biosynthesis of cycloartenol occurs in microsomes (14) and proceeds when the chloroplast is absent (15) (16) (17) (18) . In neither case is the biosynthesis of the stereoisomer influenced by the structure of the functional steroid at the end of the pathway, and their occurrence is not influenced by the molecular clock or mutations that must have accrued in the genetic materials that govern genesis of squalene oxide cyclases. Consequently, the cycloarternol-lanosterol bifurcation has gained notoriety as a biochemical marker that may be used to distinguish phylogenetic relatedness. In addition, the stereochemistry of the structure of the functional sterols at the end of the pathway, particularly the chirality of the C-24 alkyl group in the sterol side chain, has relative phylogenetic significance. The ,B configuration is found in most primitive organisms (algae and fungi), while a-oriented moieties occur primarily in the more advanced vascular plants (19) (20) (21) . In this study, we demonstrate that Prototheca wickerhamii (I) and Dictyostelium discoideum (II) synthesize cycloartenol and 24f3-alkyl sterols, which indicates that they are primitive and derived from photosynthetic organisms, presumably algae, by loss of the chloroplast (see Fig. 1 ).
From I and II, the following sterols were isolated from the cells: cycloartenol (I and II (22) . Sterols were analyzed as described (23 tTo whom reprint requests should be addressed.
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Materials. [methyl-2H3]Methionine with 99.3% 2H3 enrichment was purchased from MSD Isotopes. The 3H-labeled steroids were synthesized as described (24) . Reference steroids were those obtained from the steroid collections of the late W. R. Nes and the late H. Kircher or were obtained from synthesis or isolation from natural products as shown elsewhere (23, 24) .
RESULTS AND DISCUSSION
Sterol characterization and biosynthesis in I and II has been the subject of several investigations (25) (26) (27) (28) (29) . Ergosterol was the only sterol detected in I while two sterols-dictyosterol and 22-dihydrodictyosterol (24p-ethylcholestanol)-were detected in II (Fig. 1) . In none of the studies was the configuration of the C-24 alkyl group determined, although the chirality was inferred (P in I and a in II). Interestingly, no intermediates or trace compounds were detected in either organism, even though large quantities of cells were analyzed (notably in II) and GLC was available for sterol quantitation (26, 27) . We elected to reexamine the sterol composition of I and II by using our methodologies, with the anticipation that additional sterols might be released from the cells. The conditions for sterol analysis are given in Table 1 .
From the GLC chromatogram of the total sterol fraction, one major symmetrical peak was evident with a relative retention time (RRT) of 1.22 , which corresponded to ergosterol. The level of sterol of base saponified cells was quantified at 60 fg per cell. When the sterol fraction was injected into the reversed-phase HPLC (RP-HPLC), two major compounds were evident in the chromatogram in an approximate ratio of 2:1 with ac values of 0.66 and 0.81, respectively. The structures and stereochemistry of the two sterols were confirmed by their chromatographic behavior (Table 1) and mass ( Fig. 2 ) and NMR spectroscopic properties ( Table 2 ). The C-2413 configuration is assigned based on the chemical shifts for the H-21, 14-27, and H-28 doublets (30, 31) . Two compounds eluting in the 4,4-dimethyl TLC band were identified as cycloartenol and cyclolaudenol based on their chromatographic behavior in GLC and mass spectra (32) . For cycloartenol, we obtained sufficient material for 'H NMR (Table 1) by incubating the cells with iminolanosterol for several weeks. The details of the incubation will be presented elsewhere.
The sterol composition of D. discoideum was examined next. The GLC chromatogram of the ethereal extract of saponified cells indicated that several [not just two as previously thought (26) (27) (28) ] compounds may be steroidal (Fig.  3 ). Peaks 1, 2, and 4 with RRTC 1.32, 1.42, and 1.63 gave in mass spectroscopy M+ 402, M+ 414, and M+ 416, respectively.
The other peaks (peaks 3 and 5) were not homogeneous entities as indicated by their complex mass spectra. As shown in Fig. 3 , peaks 6 and 7 were at the baseline in the chromatogram. However, both peaks were detectable after Squalene -Oxide the nonsaponifiable lipid fraction (NSF) was concentrated and the sample was reinjected into the GLC column (data not shown). Peaks 6 and 7 were now observed as broad peaks, which indicates a mixture of compounds. The level of total sterol was quantified at 660 fg per cell. The level of material in peaks 6 and 7 represented 1% of total sterols. To obtain better mass spectra of the steroids, the NSF was fractionated by TLC. Sterols that differ by the change in C-4 substitution can be separated from one another on TLC with the solvent system used here; 4-desmethyl sterols elute at Rf 0.30, 4-monomethyl sterols elute at Rf 0.46, and 4,4-dimethyl sterols elute at Rf 0.55. The material in the three bands was eluted from the TLC plates and examined by GC-MS. The material comigrating with a cholestanol standard spotted at the edge of the plate (Rf 0.30) possessed three main components, as shown by GC-MS. The three sterols were in a ratio of 0.5:10:2 and were the same sterols previously identified as ergostanol, dictyosterol, and clionastanol. Cholesterol and cholestanol are slightly separated from one another with this TLC system [benzene/ether, 85:15 (vol/vol)] 0.30/0.33 (23) . When the band comigrating with cholesterol was scraped from the plate and examined by GC-MS, two sterols that had gone unno- Table 1 . The 1H NMR spectra of these sterols indicated C-24 as 8-oriented rather than the corresponding a-epimer, which has been detected in vascular plants (34, 35) .
The C-4 monomethyl sterols were examined next by GC-MS (see Fig. 5 ). Two compounds were evident in the chromatogram. The more polar eluting compound possessed a mass spectral fragmentation pattern similar to that of the spectra of 4a-methyl 24-ethylcholestanol isolated from oysters (36) . The chirality of the 24-ethylstanols found in oysters was not determined. The C-4 monomethyl compounds iso- lated from the amoebae were easily separated from one another on HPLC. The chemical shifts given in Table 2 for C-4 (a doublet) and C-24 (a triplet) are consistent with the structures and stereochemistry assigned in Fig. 4 .
The material in the 4,4-dimethyl TLC band contained several components, of which three possessed mass spectral fragmentation patterns consistent with that of a steroid structure. The components were in a ratio of about 1:2:3, as determined by capillary GC-MS using an SE-30-like column. The minor and major components were determined to be cycloartenol and 24(28)-methylenecycloartenol by coinjection with authentic specimens and by their mass spectral fragmentation patterns (Table 1 ). The identity of the other steroid was determined to be 24 (28) (17) . In the related soil amoebae Acanthamoeba and Naegleria, both cyclopropyl steroids and several 24-desalkyl and 24-alkyl lanost-9-enols have been described (38, 39) .
The next phase of the study was to examine the mechanism of C-24 alkylation in the two organisms. Three possible mechanisms (a, b, and c) of C-24 alkylation are known to give rise to the 2403-methyl group (Fig. 5) . In algae, two mecha- The chemical shifts (8) (27) route (9, plants, all three mechanisms have been foun 24f3-methyl group (9, 16) . It is important to mechanisms a and c are multistep events reductase-type enzyme to finally set the conf 24-methyl group; only in mechanism b will th be determined at the time of C-24 alkylatio speculated elsewhere, mechanism b is more mechanism a (7).
When Prototheca was fed 100 mg of [met) nine per 300 ml of medium, a weak mas trideuterated ergosterol (MT, 399) and a stri trum of trideuterated protothecasterol was ot These results, coupled with the detection of c Prototheca, indicated Prototheca by C-24 alkylation is stabilized by a 1,2-hydride shift from 1j,_~Xn H-27 to C-25 rather than H-24 to C-25 as is the case in yeast (40) [methyl-2H3]methionine (800 ,tg/ml). As shown in Fig. 4 , primitive than both C-4 monomethyl sterol intermediates possessed elevated molecular weights. The C-24 methyl sterol was dideuhy1-2H3]methioterated and the C-24 ethyl sterol was pentadeuterated. We ss spectrum of could not obtain a clean mass spectrum of deuterated erong mass specgostanol but clionastanol and dictyosterol were pentadeuterbtained (Fig. 2) . ated compounds (data not shown) as shown by Lederer and :yclolaudenol in coworkers (27, 28) . The mechanism of C-24 alkylation pery mechanism b formed by D. discoideum is therefore mechanism a or the one or mechanism b following the A24 (28) 
